In this study, a detailed numerical model is developed to simulate the xenon plasma near-field plume from a Hall thruster. The model uses a detailed fluid model to describe the electrons and a particle-based kinetic approach is used to model the heavy xenon ions and atoms. The detailed model is applied to compute the near field plume of a small, 200 W Hall thruster. Results from the detailed model are compared with the standard modeling approach that employs the Boltzmann model. The usefulness of the model detailed is assessed through direct comparisons with a number of different measured data sets. The comparisons illustrate that the detailed model accurately predicts a number of features of the measured data not captured by the simpler Boltzmann approach.
I. INTRODUCTION
Hall thrusters represent an efficient form of plasma electric propulsion for spacecraft. In general, electric propulsion is replacing chemical propulsion for many on-board propulsion tasks due to their higher specific impulse. The superior performance provides longer missions and lighter propulsion systems that allows heavier payloads. Continued advances in photovoltaic technology mean that the solar-generated power available on spacecraft is growing. Thus, while the original Hall thrusters presently flying in space on Russian spacecraft are rated at power levels of about 1.5 kW, and current generation Hall thrusters will operate at 5 kW, future devices will be able to operate at considerably higher levels such as 50 kW and above. The development of electric propulsion systems for high power sources is taking two distinct paths. In one case, single, monolithic thrusters are being investigated. The second approach involves clustering many smaller thrusters.
Modeling of the plasma flows of Hall thrusters is an important activity in two main ways. First, models are being developed to help understand the complex plasma processes inside the thruster with the aim of improving propulsion performance and extending thruster lifetime. Second, models have been developed of the plasma plume from the thruster in order to help assess spacecraft integration issues. The high energy ions created by the thruster can sputter spacecraft surfaces upon impact leading to possible damage and subsequent re-deposition.
The near field plume of a Hall thruster is a physically complex and important region. The relatively high plasma density in the near field makes it accessible to a variety of experimental diagnostic techniques from probes to nonintrusive optical methods such as laser induced fluorescence ͑LIF͒. Such data are much more difficult to obtain either inside the thruster or in the plume far field. Therefore, data obtained in the near-field often provide important glimpses of thruster and plume far field processes. In addition, in the development of clusters of Hall thrusters, any interactions between the plumes of the individual thrusters will be strongest in the near field region.
In the present study, the near field plume of a single 200 W class Hall thruster is modeled using a detailed particlefluid hybrid approach. The new aspect of the model involves treating the electrons using a detailed fluid model constructed from the fundamental conservation equations for number, momentum, and energy. The additional physics makes it possible to include the effects of the external cathode in the simulation as well as more accurate simulation of the variation in electron temperature and plasma potential. Details of the model are first presented and compared with the standard approach for simulating Hall thruster plumes. General flow field results from these models are compared. Detailed comparisons of the model results with several different sets of experimental measurements is then made. Conclusions about the usefulness of the detailed model are presented.
II. HALL THRUSTER AND EXPERIMENTS
The device considered in the present study is the BHT-200 Hall thruster manufactured by Busek, Co. The thruster is operated at 200 W with a nominal thruster level of 13 mN. It is being considered as a component in a cluster of thrusters.
The BHT-200 thruster has been investigated experimentally using both intrusive probes and nonintrusive optical diagnostics. Faraday probes were used by Hargus and Reed 1 and by Beal 2 to measure angular profiles of ion current density in the plume far field. The study in Ref. 1 was performed at a fixed distance of 60 cm from the thruster. The vacuum chamber is located at the Air Force Research Laboratory, Edwards Air Force Base and is 3.0 m in length and 1.8 m in diameter with a pumping speed of 32 000 l/s on xenon resulting in a back pressure of 6.1ϫ10
Ϫ6 Torr. The data in Ref. 2 were taken at 50 cm from the thruster in a 9 m by 6 m tank at the University of Michigan. The total pumping speed employed in this facility for these experiments was 140 000 a͒ Author to whom correspondence should be addressed; electronic mail: electronic mail: iainboyd@umich.edu l/s on xenon resulting in a back pressure of 1.1 ϫ10 Ϫ6 Torr. The thruster was operated at identical conditions in each case. Beal and Gallimore 3 also used a retarding potential analyzer ͑RPA͒ to measure the ion energy distribution function in the plume far field. In addition, a floating emissive probe and a triple Langmuir probe were used to measure the plasma potential, the electron temperature, and the electron density in the near-field plume of the thruster. 4 Hargus and Reed 5 used LIF to measure axial and radial velocity components of singly charged xenon ions in the near field of the thruster. Results obtained using the simulation models presented in Sec. III will later be compared with all of these sets of experimental measurements.
III. MODEL DESCRIPTION
Hall thrusters primarily use xenon as propellant. The xenon plasma plume is composed of beam ions with velocities on the order of 16 km/s, low energy charge exchange ions, neutral atoms, and electrons. The total number density is on the order of 10 18 m Ϫ3 that places the plasma in the rarefied flow regime. Computational analysis of Hall thruster plumes is regularly performed using a hybrid particle-fluid formulation. The direct simulation Monte Carlo ͑DSMC͒ method 6 models the collisions of the heavy particles ͑ions and atoms͒. The particle in cell ͑PIC͒ method 7 models the transport of the ions in electric fields. Overall, a hybrid approach is employed in which the electrons are modeled using a fluid description. In the present study, we modify an existing axially symmetric PIC-DSMC code developed specifically for modeling the xenon plume from a hollow cathode. 8 The model provides a detailed treatment of the electron fluid as described below.
A. Plasma dynamics
Models of Hall thruster plumes have been reviewed by Boyd. 9 The most successful of these are based on a hybrid approach in which heavy species are modeled using particles and the electrons modeled as a fluid. This is the approach adopted in the present study. Almost all previous hybrid models reduce the electron fluid model to the Boltzmann relation. This requires that the electrons be collisionless, currentless, isothermal, and unmagnetized. All of these assumptions are questionable in a Hall thruster plume, particularly in the plume near field. Despite the simplicity of the model, these hybrid methods have been quite successful in simulating the far-field properties of a number of different Hall thrusters.
As mentioned earlier, the ions and neutrals are treated using a combination of the PIC method 7 for transporting the ions in electrostatic fields, and the DSMC method 6 for performing collisions and transporting the neutral atoms. Momentum transfer and charge exchange collisions are the only collision mechanisms implemented.
For the fluid electrons, two different approaches are considered in the present study. The first of these is the Boltzmann model. In this approach, quasineutrality is assumed, which allows the ion density to represent the electron density. By further assuming that the electrons are isothermal, collisionless, and unmagnetized, and that their pressure obeys the ideal gas law, p e ϭn e kT e , the Boltzmann relation is obtained from the electron momentum equation
Ϫ*ϭ
kT e e ln ͩ n e n* ͪ ,
͑1͒
where n e is the electron number density,* indicates a reference state, is the plasma potential, k is Boltzmann's constant, T e is the constant electron temperature, and e is the electron charge. The potential is then differentiated spatially to obtain the electric fields.
The second fluid electron model ͑termed the Detailed model͒ involves a much more detailed approach employing all three conservation equations. The electron continuity equation is 10 
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where n e is the electron number density, v e is the electron velocity vector, n a is the atomic number density, and C i is the ionization rate coefficient. Assuming steady flow, this equation is transformed into a Poisson equation by introducing n e v e ϭٌ ͑3͒ such that
for which numerical solutions are obtained using the standard alternating direction implicit ͑ADI͒ method. The spatial distribution of the ion particles gives the electron number density, n e , under the assumption of charge neutrality. This allows the electron velocity vector to be determined through solution of Eq. ͑4͒. The xenon ionization rate coefficient is expressed as a function of electron temperature using a simple relation proposed by Ahedo et al.
͑5͒
where i ϭ5ϫ10 Ϫ20 m 2 is a reference cross section, c e is the mean thermal speed of electrons, i is the ionization energy of xenon ͑12.7 eV͒, and the electron temperature T e is in electron volts. Use of this thermal ionization coefficient assumes that the electron stream velocity always lies below the threshold level for direct ionization of xenon ͑about 2 ϫ10 6 m/s) which is true for all flow conditions considered. where m e is the mass of an electron, E is the electric field, p e is the electron pressure, and R is the friction term. It is further assumed that the electrons behave as a perfect gas (p e ϭn e kT e ), and that the friction term is given by
where j is the current density and is the electrical conductivity. Assuming a steady state, neglecting the inertial term on the left hand side of Eq. ͑6͒, and introducing the plasma potential Ϫ"ϭE, a generalized Ohm's law is obtained:
"͑n e kT e ͒ ͬ
͑8͒
For given n e , v e , and T e , the charge continuity condition
is then solved to obtain the plasma potential. This equation is written as a Laplace equation with weak source terms and is again solved using an ADI scheme. where m i is the ion mass, e is the total electron collision frequency, e is the electron thermal conductivity, and T H is the heavy particle temperature. Again assuming a steady state, and dividing by the thermal conductivity 
͑11͒
where j is obtained from Eq. ͑8͒ after the plasma potential is calculated. Equation ͑11͒ is again a Laplace equation with weak source terms that is solved using the ADI approach. Effects of ionization are included in the simulation to capture any regions of significant xenon ion production and it is therefore appropriate to include the associated effects in the electron energy equation. However, the computations subsequently showed no significant effect of ionization on the electron energy and this is also found to be true for excitation loss terms. The latter are therefore omitted from the modeling. Finally, the electron transport coefficients are evaluated using their basic definitions where e ϭ ei ϩ en , ei is the ion-electron collision frequency, en is the neutral-electron collision frequency, and these frequencies are evaluated for the xenon system using cross sections provided in Ref. 10 . Note that, for each time step, the numerical scheme iterates several times through the solution of Eqs. ͑9͒ and ͑10͒ due to the coupling between and T e .
B. Collision dynamics
The DSMC method uses particles to simulate collision effects in rarefied gas flows by collecting groups of particles into cells which have sizes of the order of a mean free path. Pairs of these particles are then selected at random and a collision probability is evaluated that is proportional to the product of the relative velocity and collision cross section for each pair. The probability is compared with a random number to determine if that collision occurs. If so, some form of collision dynamics is performed to alter the properties of the colliding particles.
There are two basic classes of collisions that are important in the Hall thruster plumes: ͑1͒ elastic ͑momentum exchange͒ and ͑2͒ charge exchange. Elastic collisions involve only exchange of momentum between the participating particles. For the systems of interest here, this may involve atom-atom or atom-ion collisions. For atom-atom collisions, the variable hard sphere 6 collision model is employed. For xenon, the collision cross section is
where g is the relative velocity and ϭ0.12 is related to the viscosity temperature exponent for xenon. For atom-ion elastic interactions, the following cross section of Dalgarno et al. 12 is employed:
The model of Ref. 12 predicts that the elastic cross section for interaction between an atom and a doubly charged ion is twice that for an atom and a singly charged ion. It should be noted that the model of Ref. 11 employs a polarization potential and therefore is only valid for low energy ͑a few eV͒ collisions. In all elastic interactions, the collision dynamics is modeled using isotropic scattering together with conservation of linear momentum and energy to determine the postcollision velocities of the colliding particles. 6 Charge exchange concerns the transfer of one or more electrons between an atom and an ion. For singly charged ions, the following cross section measured by Pullins et al. 13 and Miller et al.
14 is used:
CEX ͑ Xe,Xe ϩ ͒ϭ͓Ϫ23.30 log 10 ͑ g ͒ϩ142.21͔ϫ0.8423
Also reported in Refs. 13 and 14 are charge exchange cross sections for the interaction where a doubly charged ion captures two electrons from an atom. These cross sections are less than a factor of 2 lower than the values for the singly charged ions at corresponding energies. In the present model, it is assumed that there is no transfer of momentum accompanying the transfer of the electron͑s͒. This assumption is based on the premise that charge exchange interactions are primarily at long range.
C. Boundary conditions
For the computations of the Hall thruster plumes, boundary conditions must be specified at several locations: ͑1͒ at the thruster exit; ͑2͒ at the cathode exit; ͑3͒ along the outer edges of the computational domain; and ͑4͒ along all solid surfaces in the computational domain.
Several macroscopic properties of the plasma exiting the thruster are required for the computations. Specifically, the plasma potential, the electron temperature, and for each of the particle species we require the number density, velocity, and temperature. In the real device, these properties vary radially across the exit plane. The approach to determining these properties involves a mixture of analysis and estimation. The basic performance parameters of mass flow rate, thrust, and total ion current are assumed to be known. The neutrals are assumed to exit the thrust at the sonic speed corresponding to some assumed value for their temperature. Finally, divergence angles for the lower ( Ϫ ) and upper ( ϩ ) edges of the exit channel must be assumed. Combining all this information then allows all species densities and the ion velocities to be determined. Determination of the properties of multiple charge states, for example Xe 2ϩ is considered in the present study, requires knowledge of the current fraction of that state.
In the detailed model, the external cathode of the hall thruster can be modeled. While the actual cathode provides essentially a point source of electrons that therefore involves a three dimensional flow, in the present study it is modeled within the axially symmetric framework of the code. This is not a bad assumption given the high mobility of the electrons that rapidly forms a symmetric flow field. The boundary conditions required for the electrons at the exit of the cathode are the plasma potential, the electron temperature, and the electron current.
Both fluid and particle boundary conditions are required at the outer edges of the computational domain. The usual field conditions employed simply set the electric fields normal to the boundary edges equal to zero. Similarly the gradients in electron temperature normal to the surfaces of the outer boundaries are set to zero. The particle boundary condition is to simply remove from the computation any particle crossing the domain edge. The finite back pressure ͑the values are listed in Sec. II͒ of each of the two facilities considered in this study is included by simulating a fixed density background of xenon atoms at room temperature. These atoms can collide with heavy species emitted by the thruster and so can make an important contribution to the charge exchange plasma. In addition, the background atoms affect the neutral-electron collision frequency en that appears in the transport coefficients of the electron fluid model.
The solid wall surfaces of the Hall thruster are also included in the computation. Along these walls, the plasma potential is set to zero and zero gradient in electron temperature is employed. Any ions colliding with the walls are neutralized. Both atoms and neutralized ions are scattered back into the flow field from the surface of the thruster wall assuming diffuse reflection at a temperature of 300 K.
IV. RESULTS
The operating conditions of the BHT-200 Hall thruster considered in the present study are as follows:
1-5 flow rate ϭ9.5 sccm, discharge currentϭ0.85 A ͑85% is attributed to ions of which 18% by current fraction is attributed to Xe 2ϩ , the 15% current due to electrons is included in the detailed model͒, voltageϭ240 V, and specific impulseϭ1300 s. As discussed above, the thruster operating conditions are converted into boundary conditions for the plume code at the thruster exit. To obtain good agreement between the simulations and the data measured in the far field plume, different sets of thruster exit conditions are required for the Boltzmann and Detailed models. The values employed are listed in Table I and will be discussed later. The simulations are performed on a computational mesh of 133 by 118 nonuniform, rectangular cells that is extended to a distance of about 60 cm from the thruster. Typically, 300 000 particles are employed and the simulations require about 2 and 10 h of CPU time for the Boltzmann and Detailed models, respectively.
A. Flow field results
An overall impression of the flow field is provided in Figs. 1 and 2 showing the plasma potential for the entire flow field obtained with the Boltzmann and Detailed models, respectively. These plots demonstrate the very significant difference in the overall flow fields generated by the two different fluid electron models. The Boltzmann model gives relatively weak gradients in plasma potential and therefore in electric field with a total variation in potential only slightly greater than 10 V. By comparison, the potential gradients, and electric fields, associated with the Detailed model are much stronger, with an overall variation in potential of about 90 V. Hence, it is expected that the Detailed model will produce significantly greater levels of ion acceleration.
B. Far field results
Assessment of the plume models is first performed in the far field by making direct comparisons of the simulation results with a number of different experimentally measured data sets reported in Refs. 1-5. In Figs. 3 and 4 , comparisons are provided for angular profiles of ion current density at a distance of 50 cm from the thruster ͑the data from Ref. 1 were obtained at 60 cm and have been scaled to 50 cm based on the square of the distance from the thruster͒. The two sets of measured data were obtained using a Faraday cup. 1, 2 Clearly, excellent agreement is obtained between the two sets of measured data. In Fig. 3 , the Boltzmann model provides a higher peak current density on axis, but generally gives good agreement with the measured profiles. This is the best level of agreement that could be obtained based on variation of the thruster exit conditions listed in Table I . The profile obtained with the Detailed model shown in Fig. 4 is also the best result obtained through variation of the thruster exit conditions. This profile offers even better agreement with the measured data.
Figures 5 and 6 make comparisons of the ion energy distribution function measured on the plume axis at a distance of 50 cm from the thruster using the RPA. 3 Both simulations provide excellent agreement with the measured data. Note that the computed ion energy distribution function in this location is most sensitive to the ion velocity assumed at the thruster exit. The width of the distribution obtained with the Boltzmann model could be increased closer to the measured data by increasing the ion temperature at the thruster exit. In the Detailed model, the exit ion velocity of 13.3 km/s is consistent with the measured specific impulse for the thruster of about 1300 s. By comparison, the Boltzmann model can only give agreement with the measured energy distribution by assuming an ion velocity of 17.7 km/s at the thruster exit, which is inconsistent with the specific impulse. It will also be shown later that LIF measurements indicate that the ion velocity at the thruster exit is close to 13 km/s. Thus, at least for this particular thruster, the Boltzmann model only gives good agreement with the far field ion energy distribution function by assuming an erroneously high thruster exit ion velocity. This occurs because the Boltzmann model fails to produce sufficient ion acceleration in the near field of the plume. As discussed with reference to Figs. 1 and 2, the Detailed model predicts a strong degree of ion acceleration in this region and rapidly accelerates the ions from their thruster exit velocity of 13.3 km/s to a value of about 18 km/s that corresponds to the peak of the measured energy distribution function. This represents a clear advantage of the Detailed model over the Boltzmann model for simulating Hall thruster plumes. Figure 7 shows a comparison for plasma potential along the plume centerline. The measured data are obtained using a floating emissive probe. 4 The Detailed model shows significant decrease in potential and offers excellent agreement with the measured data. By comparison, the Boltzmann model indicates a very small change in potential. Figures 8  and 9 show radial profiles of plasma potential at an axial distance of 50 mm from the thruster obtained with the Boltzmann and Detailed models, respectively. The measurements were taken on two different BHT-200 thrusters arranged in a cluster of four devices, fired one at a time. Both sets of measurements are included in these plots to indicate the levels of repeatability of the experiments ͑which is generally very good͒. The simulation results for each thruster are obtained from a single computation and are therefore identical and just shifted along the radial axis for plotting purposes. in Fig. 8 and overpredict the potential significantly. The profiles from the Detailed model provide much better agreement with the measured data. A triple Langmuir probe was also used in Ref. 4 to measure the electron temperature and number density in the near field region. The variation in electron temperature along the plume centerline is shown in Fig. 12 . Once again, the Detailed model provides good agreement with the measured variation, whereas the Boltzmann model assumes a constant value of 2 eV. Figures 13, 14 , and 15 show radial profiles of electron temperature at distances of 50, 150, and 250 mm from the thruster, respectively. Since the Boltzmann results are all flat lines at 2 eV, only the Detailed model results are provided. In general, although the Detailed model provides reasonable agreement with the measurements in terms of the peak temperatures, the radial gradients predicted by the model are significantly smaller than the measured data indicate.
C. Near field results
The second set of data obtained from the Langmuir probe is electron density and this is the property that has greatest experimental uncertainty. 2 The profiles of electron number density along the plume axis are shown in Fig. 16 . Three different profiles of measured data are shown representing two different corrections to the raw data. 2 The profile labeled ''sheath'' assumes that the probe collection radius is increased by a sheath of five Debye lengths, thus leading to a reduction in plasma density. The profile labeled ''Laframboise'' incorporates corrections due to the slightly different voltages applied to each of the three probes in the instrument. 15 The correction is sensitive to the ratio of elec- tron to ion temperature, and a ratio of one is assumed in the corrected data shown here. This correction also leads to a reduction in the measured number density. The comparisons indicate that both the Boltzmann nor the Detailed models predict near field densities that are significantly lower than any of the data derived from the experiments. However, beyond 200 mm from the thruster exit, both simulations are in reasonable agreement with the measured data. Additional simulations performed with a reduced ion temperature at the thruster exit is able to significantly increase the plasma density in the near field. However, the uncertainty in the plasma density measurements makes it inappropriate to draw any strong conclusions from such comparisons. Figures 17 and 18 show radial profiles of electron number density at axial distances of 50 and 250 mm from the thruster, respectively. Due to the large amount of data included, the profiles from only one thruster are displayed. In Fig. 17 , in the near field, the simulations under predict the measured values over the entire radial profile. However, further from the thruster, as shown in Fig. 18 , the simulations show quite good agreement with the corrected measurements.
Finally, the simulation results are compared with LIF measurements of Xe ϩ velocity components obtained by Hargus and Charles 5 in the near field plume. In Ref. 5 , it is explained that the reported velocity data represent the peaks of the ion velocity distribution functions detected by the LIF diagnostic. Therefore, for consistency, in the simulations, the ion velocity distribution function is calculated throughout the flow field, and the peak of the distributions obtained. In several locations, particularly for the radial velocity component, two strong peaks are found in both the measured and simulated data. Figure 19 shows the profiles of ion velocity components along the plume centerline. Let us first consider the axial velocity component. Note that the thruster employs a small cone on the thruster face at the plume axis to provide protection against ion sputtering. The cone only protrudes 7 mm from the thruster face and could not easily be included in the simulation and so is omitted. This explains the small negative axial velocity components predicted by the simulations for ZϽ10 mm that are absent from the measurements. The profile from the Boltzmann model rises instantaneously to the value assumed at the thruster exit of 17.7 km/s that is higher than the measured value even at 80 mm from the thruster. By comparison, the Detailed model shows an extended acceleration region in which the computed velocity rises to exactly match the measured data at about 50 mm from the thruster. In terms of the radial velocity profiles, one can clearly see the two peaks found in the data sets representing populations of upward and downward moving ions. In each case, the Detailed model provides a slightly better correspondence to the measured data with the Boltzmann model tending to over predict the velocity magnitudes.
Figures 20 and 21 show radial profiles of ion velocity components at distances of 0 and 107 mm from the thruster. The axial velocity data in the thruster exit plane shown in Fig. 20 confirm the earlier statement that the ion velocity of 13.3 km/s assumed at the thruster exit for the Detailed model is consistent with the LIF measurements. The velocity of 17.7 km/s required in the Boltzmann model to obtain agreement with the far-field ion energy distribution function is too high. The measured radial velocity components in the thruster exit show a distinct asymmetry. Note that the center of the acceleration channel is at about 12 mm where the radial component is less than zero. This asymmetry has not been reproduced in the assumed thruster exit conditions for either simulation, but is expected to have only a small effect on the overall flow field computations. The profiles at 107 mm from the thruster again show the Detailed model providing an accurate prediction of the axial component, with the Boltzmann model still at the assumed thruster exit value. in terms of the radial velocity components, the Detailed model tends to provide better prediction of the main peak of the distribution function.
V. CONCLUSIONS
A Detailed hybrid particle-fluid PIC-DSMC model was applied to model the plume flow from a small Hall thruster starting at the thruster exit and proceeding to the plume far field. The model included a detailed fluid description of the electrons based on their continuity, momentum, and energy equations. This model represents a significant increase in sophistication when compared to current Hall thruster plume models based on the Boltzmann relation. The Boltzmann and Detailed models were assessed by performing comparisons with a number of different data sets measured experimentally. The data sets comprised ion current density and ion energy distributions in the plume far field; in the plume near field, plasma potential was measured with a floating emissive probe, and both electron temperature and electron number density data were obtained using a triple Langmuir probe. Ion velocity components in the plume near field were also obtained using LIF. Both models were able to provide good agreement with the far field data, but in the case of the Boltzmann model, the measured ion energy distribution function could only be reproduced by assuming an ion velocity at the thruster exit that is much higher than the LIF and specific impulse data indicate. In comparison with the near field probe data, the Detailed model provided significant improvements over the Boltzmann model in terms of predicting the measured variations in plasma potential and electron temperature. For electron number density, there was considerable uncertainty in the measured values as indicated by two different correction schemes applied to the raw experimental data. The results from both models for electron number density were similar giving values significantly lowered than the measured data in the near field, and ultimately providing very good agreement with the experiments further from the thruster. The Detailed model accurately predicted the extended ion acceleration region outside the thruster that was indicated by the LIF data. By comparison, the Boltzmann model essentially indicated no significant ion acceleration outside the thruster. Both models predicted the multiple peaks in radial velocity component observed in the LIF data with the Detailed model providing slightly better correspondence to the measured data.
It is therefore concluded, with the possible exception of electron number density, that the Detailed model provides a significant improvement in the ability to simulate the nearfield processes in the plume of a Hall thruster. This may be important in assessing potential interactions between clusters of Hall thrusters, and for determining optical contamination from these devices. It is also a little disturbing that the established Boltzmann model could only provide results that agree with far field data by assuming unrealistic thruster exit conditions.
